By comparing the orbital period distributions of black hole and neutron star low mass X-ray binaries (LMXBs) in the Ritter-Kolb catalogue (Ritter & Kolb 2003) we show that there is statistical evidence for a dearth of black hole systems at short orbital periods (P orb < 4 h). This could either be due to a true divergence in orbital period distributions of these two types of system, or to black hole LMXBs being preferentially hidden from view at short orbital periods. We explore the latter possibility, by investigating whether black hole LMXBs could be concealed by a switch to radiatively inefficient accretion at low luminosities. The peak luminosity and the duration of Xray binary outbursts are related to the disc radius and, hence, the orbital period. At short periods, where the peak outburst luminosity drops close to the threshold for radiatively inefficient accretion, black hole LMXBs have lower outburst luminosities, shorter outburst durations and lower X-ray duty cycles than comparable neutron star systems. These factors can combine to severely reduce the detection probability of short period black hole LMXBs relative to those containing neutron stars. We estimate the outburst properties and orbital period distribution of black hole LMXBs using two models of the transition to radiatively inefficient accretion: an instantaneous drop in accretion efficiency (η) to zero, at a fraction (f ) of the Eddington luminosity (L Edd ) and a power-law efficiency decrease, η ∝Ṁ n , for L < f L Edd . We show that a population of black hole LMXBs at short orbital periods can only be hidden by a sharp drop in efficiency, either instantaneous or for n ∼ > 3. This could be achieved by a genuine drop in luminosity or through abrupt spectral changes that shift the accretion power out of a given X-ray band.
INTRODUCTION
Low Mass X-ray binaries (LMXBs), comprising a black hole or neutron star primary (M1) and a low mass main sequence or evolved secondary (M2 ∼ < 1M ), produce X-rays through the accretion of matter onto their primaries (see reviews by e.g. Tanaka & Lewin 1995; van Paradijs & McClintock 1995; McClintock & Remillard 2006; Done et al. 2007 ). All black hole and many neutron star LMXBs are transient, experiencing occasional outbursts during which their mass accretion rate and X-ray luminosity increase by several orders of magnitude. These outbursts have typical durations spanning days to months.
The cycle of outburst and quiescence in LMXBs is explained by the disc instability model (see e.g. the review by Lasota 2001) . Mass transferred from the secondary builds up in an accretion disc around the primary. As the disc density increases, the temperature rises to the point at which hydrogen ionizes. The change in ionization state is associated with a switch to higher viscosity, increasing mass accretion onto the primary and causing an outburst. This enhanced accretion eventually lowers the disc density and temperature to the point at which the viscosity returns to its original value. Unlike cataclysmic variables, where outbursts are terminated by a cooling wave after a few days, the outbursts of LMXBs are prolonged by X-ray irradiation, which heats the disc and traps it in the hot, ionized state (King & Ritter 1998; van Paradijs 1996) . In sufficiently short period systems the whole disc is irradiated and the majority of the disc mass is accreted.
The accretion rate during an outburst is known to decay exponentially (e.g. Tanaka & Shibazaki 1996; Chen et al. 1997) , unless the disk is entirely irradiated (see Section 3.2). It was characterised by King & Ritter (1998) as:
Here ρ is the disc density and ν = α h csH is the viscosity, where α h ∼ 0.1 is the hot state viscosity parameter (Shakura & Sunyaev 1973) , cs is the sound speed, and H is the vertical scale height of the disk. The maximum extent of the disc, RD, is limited by the size of the Roche Lobe of the primary and can be related to the orbital period (P orb ). For typical mass ratios (q = M2/M1 ≤ 0.1), RD ≈ 1.77×10 10 m 1/3 1 P 2/3 orb (h) cm, where P orb (h) is the orbital period in hours and m1 is the primary mass in solar masses. Both the peak accretion rate (Ṁmax ∼ RDνρ) and outburst duration (to ∼ MD(RD)/Ṁmax, where MD is the disc mass; c.f. section 3) depend inherently on the orbital period.
The radiative efficiency of accretion in an LMXB is given by L = ηṀ c 2 , where η ∼ 0.1 for a radiatively efficient flow through a thin accretion disc (see e.g, Frank et al. 2002) . At low accretion rates cooling becomes inefficient and a radiatively inefficient, advection dominated accretion flow (ADAF) can occur (Ichimaru 1977; Rees et al. 1982; Narayan & Yi 1995) . The ADAF model is a solution to the hydrodynamical equations of viscous differentially rotating flows with low sub-Eddington accretion rates. The accreting gas has a very low density, leading to an optically thin flow which cannot cool efficiently within an accretion time. The viscous energy is stored in the gas as thermal energy rather than being radiated away, and is advected onto the central compact object. The transition from radiatively efficient to inefficient flow is expected to take place once the accretion luminosity reaches a few percent of the Eddington luminosity (L Edd ). For black hole primaries, which lack a hard surface, η → 0 and the accretion energy is carried with the mass flow into the hole or transferred elsewhere, e.g as radio jets or mechanical outflows. Neutron star primaries do not experience a drop in accretion efficiency because the advected energy must always be radiated from the stellar surface. Hence, at sufficiently short periods (and thus small disc radii and peak accretion rates) black hole LMXBs will undergo fainter, shorter outbursts than comparable neutron star systems, making them more difficult to detect.
The relationship between orbital period and peak outburst luminosity for LMXBs is well established (e.g. Shahbaz et al. 1998; Portegies Zwart et al. 2004 ). Wu et al. (2010) studied the outburst luminosities of a sample of transient LMXBs observed by the Rossi X-ray Timing Explorer (RXTE ). They showed that there was no distinguishable difference in the orbital period-peak outburst luminosity relation of black holes compared to neutron star primaries, when luminosities were measured in Eddington units. However, they suggest that the two populations may diverge at short periods. Along similar lines, Meyer-Hofmeister (2004) note that the low peak outburst luminosities in short period black hole LMXBs can cause them to remain in a low luminosity -hard spectral state, rather than entering the high luminosity -soft state expected for radiatively efficient accretion. This breed of outburst, where sources remain in the low-hard state throughout, has been observed in several sources (Brocksopp et al. 2001 (Brocksopp et al. , 2004 In addition to establishing a relation between orbital period and peak outburst luminosity, Wu et al. (2010) point out that the absence, in their dataset, of black holes with orbital periods of ≤ 4hr, may be caused by radiatively inefficient accretion lowering the peak outburst luminosities of these systems. In this paper, we investigate this hypothesis, using the Ritter-Kolb catalogue (Ritter & Kolb 2003) to show that there is statistical evidence for a dearth of black holes in LXMBs at short orbital periods. We suggest that this is caused by the increasing importance of radiatively inefficient accretion in black hole systems lowering not only peak outburst luminosities but also outburst durations and X-ray duty cycles. Additionally, we investigate the nature of the transition to radiatively inefficient accretion, modelling it as an instantaneous change to η = 0 at a fraction f of the Eddington luminosity (L Edd ) and as a power law decrease, η ∝Ṁ n , below f L Edd . In Section 2 we present the sample of systems and the statistical evidence for the lack of black hole LMXBs at short orbital periods. In Section 3 we study the effect of a radiative efficiency switch on the peak luminosities and outburst timescales of black hole LMXBs. We determine the conditions under which these effects can hide a short orbital period black hole population in Section 4. This is followed by a discussion of our findings and our conclusions.
ORBITAL PERIOD DISTRIBUTION ANALYSIS
If a switch to inefficient accretion in black hole LMXBs at low luminosities reduces their outburst luminosities and timescales, then black holes will be more difficult to detect than neutron stars with comparable accretion rates. Such an effect may be observed as a divergence in the populations of black hole systems compared to those of neutron stars at short orbital periods. We searched for this within the catalogue of cataclysmic variables, LMXBs and related objects compiled by Ritter and Kolb (Ritter & Kolb 2003) , by selecting 3 LMXB samples.
• Sample 1: all black hole LMXBs, excluding any unconfirmed candidate systems. (17 systems)
• Sample 2: all neutron star LMXBs, both transient and persistent, but excluding any globular cluster systems (which are likely to have very different evolutionary histories to Galactic binaries). (51 systems)
• Sample 3: only the transient neutron star LMXBs from Sample 2 (25 systems)
While we see no significant difference in the period distribution of transient and persistent LMXBs (the AndersonDarling test of the two distributions gives a 0.60 probability that they are the same), we compare both samples 2 and 3 with the black hole population as a control to test for sampling biases caused by the lack of persistent black hole sources.
In all samples, extragalactic sources were removed. In addition, we removed the following systems which are mislabelled in the catalogue: (Carpano et al. 2007 ) , J1752-0127 (Durant et al. 2009) In the upper panel of Figure 1 we plot the normalised histogram of the log[P orb ] distribution of samples 1, 2 and 3.
There is no discernible difference between the two neutron star samples, but the black hole sample shows a distinct lack of sources with orbital periods below ∼ 0.1 days. There are in fact 25 (12) neutron star LMXBs in sample 2 (3) with orbital periods below the minimum black hole period of 0.17 days (4.1 hr). The cumulative histogram in the bottom panel of Figure 1 further highlights this difference.
The vertical dashed line in Figure 1 separates sources with orbital periods above and below 80 minutes. Below this (conservative) limit, the mass-period relation requires that these systems have either sub-stellar or compact secondaries (King 1988) . We compare the black hole sample to the NS sample including and excluding sources below this limit, as a check for differences caused by system evolution.
We use the Anderson-Darling test to determine whether the populations of the black hole and neutron star LMXBs are different. The A-D test is similar in purpose to the more familiar Kolmogorov-Smirnov test, and can be used to test whether two samples are consistent with being drawn from the same parent distribution. However, the A-D has better sensitivity to differences between distributions, especially near their tails, compared with the K-S test (Feigelson & Babu 2012) .The A-D test results are shown in Table 1 . The 4 rows represent comparisons of the black hole sample with (a) sample 2, (b) sample 2 for P orb > 80 min, (c) sample 3 and (d) sample 3 for P orb > 80 min. The A-D p-values are shown in the left hand columns; these correspond to the probability of observing a difference as (or more) extreme than actually observed, on the assumption the two parent populations are the same. In addition to the p-values for the full samples we show those for sources with orbital periods above and below P orb = 0.5 days; this breaks the black hole population roughly in half (8 and 9 sources respectively). Results with p < 0.01 are highlighted in bold.
These results suggest that all 4 neutron star samples have different orbital period distributions to the black hole sample across the full period range. This holds when we compare systems with P orb < 0.5 days. However, if we remove all sources with periods < 0.5 days, we find no significant difference in the period distributions. We conclude that the black hole and neutron star samples differ at the short end of the orbital period distribution.
We tested the robustness of this conclusion by adding/removing a few short period systems from each sample. In order to reduce the difference between the samples to the point where the A-D test reports no statistically significant result (i.e. p > 0.05), we need to remove the eight shortest period NS systems (from the NS transient sample) or include four additional BH systems with periods < 0.1d. Consequently, the make up of the samples has to change quite considerably in order to influence this result.
PREDICTED EFFECTS OF A TRANSITION TO RADIATIVELY INEFFICIENT ACCRETION
At high luminosities, a radiative efficiency of η = 0.1 is a reasonable approximation to black hole and neutron star LMXB outbursts. However, below a fraction f of L Edd (typically a few percent; Abramowicz et al. 1995; Maccarone 2003) , accretion onto black holes becomes radiatively inefficient and η → 0. The efficacy of this switch to radiatively inefficient accretion, in hiding a population of short period black hole LMXBs, depends on the nature of the transition. Here, we investigate two possible forms:
based on theory by Narayan & Yi (1995) . We use n = 1 in subsequent sections, as used in Coriat et al. (2012) , but discuss larger values of n in Section 5.2.
A reduction in η at low luminosities will reduce the observed duration of an outburst and, in the case of short orbital period systems, may render the entire outburst undetectable.
Peak Luminosity
In the early stages of LMXB outbursts, the accretion rate is known to decay exponentially, following (1). We approximate the disc radius as RD ≈ 0.7RL1, where RL1 is the Roche radius of the primary: (Eggleton 1983) , and a is the binary separation, given by:
The secondary mass is fixed at 0.4M , based on typical values in the Ritter-Kolb catalogue (see Section 4 for further discussion of secondary masses). Following King & Ritter (1998) , we take ρ to be ∼ 10 −8 g cm −3 . They show that ρ is independent of radius, meaning that this value is suitable for short period systems. For neutron stars, we use a value of 2×10 −8 as ρ depends on the surface density (see equation 9) which is proportional to M −0.35 . The viscosity is taken as ν = α h csH = α h cs(H/R)RD where α h ∼ 0.1, cs 10 (T /10 4 K) km s −1 with T, the hydrogen ionisation temperature, ∼ 6500K. The alpha prescription above suggests that ν is linearly proportional to RD. However, observationally, there is significant uncertainty in its value and its dependence on RD. King & Ritter (1998) choose a value of ν = 10 15 cm 2 s −1 for a disc radius of 1×10 11 cm. At the orbital periods ∼ 0.1 days, RD ∼ 5×10 10 cm. Adopting this as a typical radius, we use ν = 5×10 14 cm 2 s −1 . This choice, while consistent with earlier work, also yields peak luminosities in reasonable agreement with the observational results in Wu et al. (2010) : L peak ∼ (a few ×10 36 ) erg s −1 for periods of a few hours. At t = 0, the mass accretion rate,Ṁ peak = ρνRD, so the peak luminosity is L bol,peak = ηc 2 ρνRD. Since we wish to compare our estimates to X-ray observations, we convert this bolometric luminosity into the 2-10 keV value, by introducing a correction factor, fcorr, such that L peak = L bol,peak /fcorr. For both neutron star and black hole systems, we calculated a simple spectrum, from an accretion disc of specified inner/peak temperature absorbed by a column density of 5×10 21 cm −2 ; a typical level of Galactic absorption to an X-ray binary. We used this to compute the ratio of bolometric flux (0.002-30 keV) after removing the effect of the absorption, to the flux in the 2-10 keV band including absorption. For this calculation we used XSPEC v12.8 (Arnaud 1996) . In the neutron star case, we used a TBabs absorption model (Wilms et al. 2000) , whereas we modelled the black hole spectrum with a diskBB model, since, in outburst, its spectrum is dominated by the disc and needs to be treated as a multi-temperature blackbody. A black hole LMXB in outburst has an inner disc temperature of 0.5-1.0 keV, giving fcorr ∼ 8.5 − 2.5. For neutron star 0.01 0.1 1 Period (days) Figure 2 . Peak 2-10 keV outburst luminosity (upper panels), observable outburst timescale (middle panels) and X-ray duty cycles (lower panels) vs orbital period. The dark blue (thick dotted), purple (fine-dotted) and light blue (dot-dashed) lines show black hole LMXBs with a primary mass of 8M and radiative efficiency switch fractions f = 0.01, 0.03 and 0.05 respectively. Also plotted (solid red line) is a neutron star system with M 1 = 1.4M and (dashed green line) a 8M black hole system with no switch to radiative inefficiency for comparison. The case A transition (a sharp switch to inefficiency, described in the text) is shown in the left hand panels while the case B (smooth) switch is shown on the right. The observable timescales are defined using a luminosity of L ∼10 36 erg/s to signify the "end" of the outburst. This is calculated from the limiting flux, 10 mCrab, with a source distance of 8 kpc. The timescales in the middle panels are replotted for three different distances in Figure 3 .
LMXBs, with higher disk temperatures and thermal emission from their surface and boundary layer, fcorr ∼ 1.3 − 1.2. Based on these estimates we use a correction factor of 4 for black holes (corresponding to a temperature of ∼ 0.7 keV), and 1.3 for neutron stars.
The uppermost panels of Figure 2 show the peak luminosities (L peak ) as a function of orbital period for black holes of mass M1 = 8M using three different values of f : 0.01, 0.03 and 0.05, plotted as dark blue dotted, purple dotted and light blue dot-dashed lines respectively. Both a neutron star (solid red line) and a black hole system (green dashed line) with (f → 0) are shown for comparison on all panels. Our choice of 8M is based on the result of Özel et al. (2010) , who find a narrow black hole mass distribution at 7.8 ± 1.2 Msun 1 Case A, where η drops sharply to 0 atṀ ≤fṀ Edd , is plotted in the left panel. Here, f ∼ 0.03 produces a cut-off in the peak outburst luminosity at orbital periods below ∼ 0.1 days, matching the observed cut-off of low-orbital period black hole systems in the observational data. The gradient before the cut-off is 2/3, since L peak ∝Ṁmax ∝ RD ∝ P 2/3 orb . The gradients are consistent with the observed correlation in Wu et al. (2010) . The different normalisations of the neutron star and black hole L peak -P orb relations are due to our alternate choices of fcorr for the two types of system. Case B, with a power-law decrease in η below f L Edd , with n = 1, is plotted in the righthand panel. In this case, the peak luminosity-orbital period relation steepens at short orbital periods when the transition to radiatively inefficient accretion sets in. Here, the factor ofṀ in η means that
orb . While a gradual switch to radiatively inefficient accretion causes the peak luminosities of black hole systems to fall more rapidly at short periods, it does not produce large differences between the two types of system at periods ∼ 0.1 days, unless f > 0.05. In this case, the black hole and neutron star gradients diverge below 0.3 days. Observations show a similar gradient and normalisation of peak luminosities down to ∼ 0.1 days, although the predicted effect could be hidden.
Since our simple analytic models only track emission from the disk, we note that the sharp change in luminosity at f L Edd does not necessarily produce an equally strong observable signature. Sources with peak luminosities below the efficiency threshold are likely to exhibit low-hard outbursts, with power-law spectra that are not dominated by the disk blackbody. In this case, our choice of spectrum, and hence, fcorr is no longer valid and it is likely to be larger by factor of ∼ 5 (see Maccarone 2003) . This change in fcorr may go some way towards shielding the drop in disk luminosity from the overall bolometric luminosity, which does not change dramatically as the disk moves into a hard state (Zhang et al. 1997; Belloni et al. 2006) 
Outburst Timescales
From a time T onwards, after the initial exponential fall off, King & Ritter (1998) show that the mass infall rate follows a linear decay, obeying:
where T is the time taken for the irradiated radius to drop below the disc radius, and is given by:
and M h (T ) is the irradiated mass at time T :
Bm is defined by R 2 h = BmṀ where R h is the irradiation radius of the disc. The value of Bm depends on m; 1 for neutron stars with a hard surface and 2 for black holes without. In our simple calculations we use a value of Bm = 10 5 for both systems. We note that the uncertainties in our chosen parameters affect the exact results of our calculations, but not the main conclusions of our study; these are addressed in Section 5.1.
The outburst ends whenṀ = 0; with to = T + tvisc/3. However, our observations are flux limited, and therefore the outburst appears to end earlier, once its signal drops below a limiting flux, F lim . We define the observable outburst duration, t det to be the time at which the luminosity drops below L lim = 4πd 2 F lim . Since the stellar density is highest at the Galactic centre, it is reasonable to assume that this is the location of the highest concentration of LMXBs, so that d 8kpc. Using the daily exposure sensitivity of the RXTE, we define F lim as 10 mCrab, and calculate L lim to be ∼ 10 36 ergs −1 . Our use of the RXTE survey to define F lim is explained in Section 4.1.
In the middle panels of Figure 2 we plot the predicted observerable outburst durations. For case A, outbursts are terminated abruptly when the luminosity falls below either L lim or f L Edd . As well as the sharp cut-offs corresponding to the peak luminosity graphs in the top panels, we also see the timescales diverging away from the expected duration by an increasing factor as the orbital period drops.
For case B transitions, a decrease in outburst duration is only evident at orbital periods ∼ < 0.5 days. Here a more gradual divergence from the expected outburst timescales occurs. At the minimum observed black hole orbital period of ∼ 0.1 days, the expected duration of a black hole outburst is approximately halved for f = 0.03. However, it is still longer than the duration of a neutron star outburst, and should not significantly affect detectability.
The relative observable outburst duration of black hole and neutron stars is affected by their distance from us, which determines the minimum luminosity, L lim at which they can be detected. This is illustrated in Figure 3 , where the observable timescales (t det ) are plotted for a black hole LMXB (green dashed line) and a neutron star LMXB (solid red line) as a function of orbital period, at distances of 5, 10 and 15 kpc in the upper, middle and lower panels respectively. These correspond to limiting luminosities of 7×10 35 , 3×10 36 and 6×10 36 erg/s respectively. At orbital periods greater than ∼ 0.2 days, the outburst duration for black hole systems is longer than that for neutron star systems in all three cases. However, at low orbital periods, neutron star LMXBs may be visible for longer. This is because neutron stars have larger observable peak luminosities (smaller fcorr). Over time, the neutron star luminosity falls more rapidly than the black hole case (neutron stars have a shorter e-folding times as they have smaller disk radii). If the outburst luminosity of a neutron star LMXB at a given orbital period drops below L lim before it drops below the outburst luminosity of an equivalent black hole system, then the neutron star system will be observed for longer. 
Duty Cycles
In the lower panels of Figure 2 we estimate the outburst duty cycle, which we define as t det /(tq + to), where to and tq are the outburst and quiescent timescales respectively. The quiescent timescale is estimated as tq = MD/|Ṁ2|, wherė M2 is the mass transfer rate from the secondary. We take MD, the disc mass, as: Using the entire disc mass in the calculation of the quiescent timescale is a good approximation at short orbital periods, where X-ray irradiation is expected to result in the accretion of all or most of the disc. The rate at which the disc is replenished with mass after an outburst is given by −Ṁ2, which is calculated using the formulae of King (1988) :
otherwise.
The equations above represent mass transfer driven by gravitational radiation (P (h) < 2) and magnetic breaking (otherwise). It is clear from the lower panels of Figure 2 that in case A the X-ray duty cycle of black hole LMXBs → 0 at periods below 0.1 day for all f ∼ > 0.01. In case B the duty cycle is also noticeably reduced at short orbital periods. In Section 4.3.3., we compare this model to one with a constantṀ2 and find no differences in our conclusions.
CAN A SWITCH TO RADIATIVELY INEFFICIENT ACCRETION EXPLAIN THE OBSERVED DEARTH OF BH-LMXBS AT SHORT ORBITAL PERIODS?
We can test the effect of the switch to ADAF in hiding a population of short orbital period black hole systems by predicting the relative detection probabilities of neutron star to black hole LMXBs as a function of orbital period.
Observational Requirements
The All Sky Monitor on board RXTE constantly surveyed the sky from March 1996 until January 2012 and discovered many of the known LMXBs in our Galaxy (Wen et al. 2006 ). The instrument cycled through a series of ∼ 90 s dwells on different areas of the sky in a stochastic pattern, so that a randomly chosen source was scanned typically 5-10 times per day (Levine et al. 1996) . The limiting flux, below which a source is undetectable, depends on the instrument used and the exposure time. An all-sky survey is more likely to see a transient object than an instrument with a narrow field of view. For this reason, we use the RXTE for all the observational comparisons in this study. The approximate daily sensitivity of the ASM is 10 mCrab (where 1 mCrab ∼ 2.4×10 −11 ergs −1 cm −2 ). We therefore assume an outburst is detectable above F lim = 10 mCrab, and that the observed outburst duration is t det = t(F > F lim ).
For a transient source to have been detected by the RXTE, it must have had at least one outburst during the lifetime of the survey. This depends on the recurrence time trec = tq and the length of the survey (tsurvey = 15 years), and can be estimated as:
Provided an outburst occurred during the survey time, it must have been bright enough, and have lasted long enough, for the survey to have detected it. For an outburst to have been unambiguously detected it must have been visible for at least 1 day (private communication, A. Levine & R. Remillard). If t det < 1 day the likelihood of it being observed (P obs ) decreases with the decay timescale. We therefore parameterise P obs as: Upper panels: the ratio of detection probabilities as a function of orbital period, of black hole (M 1 = 8M ) to neutron star LMXBs, at 8kpc from the Earth. The solid red line shows the ratios with no inefficiency switch during outburst. The green (dashed) and dark blue (thin dotted) lines include a switch to inefficiency in the black hole systems following case A (sharp switch) and case B (smooth switch) respectively. Results are shown for a switch condition of f = 0.03 in the left hand panels, and f = 0.5 on the right. Lower panels: the predicted orbital period distributions, plotted as normalised cumulative histograms, using the same line styles as the panels above. Also plotted are the observed black hole (light blue dashed line) and neutron star (purple dotted line) distributions.
The total probability of having an outburst observed by the ASM is therefore:
and depends on both the mass of the system (i.e. whether it is a black hole or neutron star) and on its orbital period. A further constraint on objects forming part of our analysis is whether they have been followed up optically to measure orbital parameters and identify the nature of the primary. We make the assumption here that the fraction of candidate objects which are currently unidentified or poorly studied is independent of the type of primary and its orbital period. In this case, this additional factor will not affect our results.
Relative Detection Probabilities of a Population of LMXBs at 8 kpc
Initially we make our detection probability calculations for LMXBs located at the Galactic centre, approximately 8 kpc away, as assumed in Section 3. In this case, the outburst timescales t det correspond to those in the middle panels of Figure 2 . For orbital periods where t det > 1 day, P obs = 1 and P det = P outburst . In the upper panel of Figure 4 , outburst probabilities for black hole and neutron star LMXBs are plotted as a function of orbital period, using solid red and green dashed lines respectively. P outburst is a function of trec which is plotted in the panel below. P outburst drops below 1 only when trec increases above tsurvey (blue dashed line). The discontinuity in trec at 2 hours marks the switch in mass transfer process from magnetic breaking to gravitational radiation in (11). Above this value,
orb , and below, trec ∝ R
orb . Although the discontinuity in trec produces a negative spike in the black hole outburst probability curve, this feature does not affect our results (see Section 4.3.3 for a discussion.)
In Figure 5 (upper panels) we plot the relative detection probabilities with f = 0.03 (left panel) and f = 0.05 (right panel). The solid red line shows the ratio of black hole to neutron star detection probabilities without a switch to ADAF, and the green dashed and dark blue dotted lines show the results for sharp and smooth switches (case A and case B) respectively. At large orbital periods, when P obs = 1, the ratios plotted are simply the ratios of P outburst shown in the upper panels of Figure 4 . When there is no efficiency switch, the black hole detection probability drops to zero at ∼ 0.01 days, since t det < 1 day. When an efficiency switch is included, this drop in detection probability ratios occurs at a higher orbital periods, of ∼ 0.05 (0.07) days with a smooth switch and ∼ 0.2 (0.3) days with a sharp switch when f = 0.03 (0.05).
We can now use this detection probability approximation to estimate how the switch to radiatively inefficient accretion affects the orbital period distributions of black hole LMXBs. By convolving the relative detection probability with the observed period distribution of neutron star LMXBs we can predict an expected distribution for black hole systems. We use Sample 2, weighting each neutron star LMXB by the relative detection probability at that orbital period, assuming the population distribution of periods is the same as that observed for neutron stars. These predicted distributions are shown in the bottom panels of Figure 5 alongside the observed distributions for black hole and neutron star LMXBs from Figure 1 . It is clear that the case A efficiency switch is able to reproduce the absence of black hole LMXBs below 0.1 days when f = 0.03, as well as to some extent, predicting the shape of the black hole orbital period distribution. As a simple confirmation, we use these results to estimate the number of black holes expected to have orbital periods below 0.17 days, in a sample the same size as Sample 1 (17 sources). We find it to be zero for a sharp switch, provided f ≥ 0.03. It is particularly interesting that this transition lies in the expected range of a few percent of L Edd , as any other reason for the relative population difference would give arbitrary values of f . Switch B does not produce a significant difference between the black hole and neutron star orbital period distributions, predicting 7 (6) black holes below 0.17 days, for f = 0.03 (0.05).
Relative Detection Probabilities of our Galactic Population of LMXBs
If all LMXBs are 8 kpc from the Earth, P obs is either 0 or 1, depending on their orbital period. In our Galaxy however, the probability of a source being detected while in outburst depends on its distance, since closer sources will be visible for longer. Therefore, when observing the LMXBs in our Galaxy, P obs may range between 0 and 1, depending on the fraction of sources which are detectable. To address this issue, we now repeat our calculation using a Galactic distribution of LMXBs. The Milky way stellar population comprises a disk, bulge and spheroidal component. Grimm et al. (2002) studied the population of LMXBs in our Galaxy, and modelled them using these three components, and found a ratio of 2:1:0.8 of the mass of LMXBs in the disk : bulge : spheroid respectively. The spheroidal component takes account of globular cluster LMXBs, which are not part of our study, so we do not include this in our calculations. We distribute LMXBs in a disk:
where
and a bulge, following the parameterisation of Binney et al. (1997) N bulge (x, y, z) ∝ 1 + a bulge a0
where Upper panels: the ratio of detection probabilities as a function of orbital period, of black hole (M 1 = 8M ) to neutron star LMXBs, distributed so as to follow the stellar disk population. The solid red line shows the ratios with no inefficiency switch during outburst. The faint red line shows the same, but for a galactic distribution containing only a disk, and no bulge. The green (dashed) and dark blue (thin dotted) lines include a switch to inefficiency in the black hole systems following case A (sharp switch) and case B (smooth switch) respectively. Results are shown for a switch condition of f = 0.03 on the left hand panels, and f = 0.05 on the right. Lower panels: the predicted orbital period distributions, plotted as normalised cumulative histograms, using the same line styles as the panels above. Plotted in light blue dashed line and purple dotted line are the observed black hole and neutron star distributions respectively.
We use parameters of rm = 6.5kpc, r d = 3.5kpc, rz = 0.41 kpc, am = 1.9kpc, a0 = 0.1kpc, β = 0.5 kpc and ζ = 0.6 kpc. We normalise both distributions by containing them within 16 kpc, the outer edge of our Galaxy, and by requiring a ratio of 2:1 of binaries in the Galactic disk, and bulge, assuming direct proportionally between number ratios and the mass ratios calculated in Grimm et al. (2002) On the left panel of Figure 6 we plot this distribution, with 500 binaries, where x, and y are the cartesian coordinates in the plane of the galaxy, and on the right panel this is converted into a normalised histogram of their distance from the Earth (located at x = 8 kpc, y = 0 kpc) The vertical lines on this plot represent the distances out to which black hole LMXBs with orbital periods of 0.01 (green dashed line) and 0.1 (purple dotted line) days are guaranteed to be observed by RXTE when in outburst, i.e. P obs = 1. These two lines bracket a significant proportion of the distribution, implying that short orbital period systems in this distance range are unlikely to be observable. In particular it is clear that an efficiency switch, shortening the outburst time, may significantly affect the likelihood of observing short orbital period systems.
Relative Detection Probabilities
In order to recreate the detection probabilities and predictions of Figure 5 using a distribution in LMXB distances, we run a Monte Carlo simulation of LMXBs in the Galaxy. We create 200 000 LMXBs (100 000 each of black hole and neutron stars) with the same orbital period. These systems are distributed in 3 dimensions over the Galactic disc and bulge by randomly selecting r, θ and z so that they follow the distributions in (15) and (17) respectively. The detection probability is then evaluated for each system and averaged to give an overall detection probability of LMXBs at that orbital period. We run models for orbital periods ranging from 0.01 to 100 days, until a convergence of 0.1% has been reached.
The results are plotted in Figure 7 , in the same style as Figure 5 . Additionally, in the upper panels, we plot the detection probability ratios with no efficiency switch for disk LMXBs only, as a faint red line. This relation differs from the equivalent ratios plotted in Figure 5 (solid red line), because P obs now takes fractional values. Below ∼ 0.2 days, the most distant black hole LMXBs in the galaxy become undetectable, because they have lower peak luminosities than neutron stars (cf. Figure 2) . This causes the black hole LMXB detection probabilities, and hence the relative de- Figure 7 . The LMXB secondary mass is now following M 2 = 0.1P orb tection probabilities, to decrease. However, below ∼ 0.04 days, the ratios begin to increase again. This is because the neutron star detection probability ratio drops more steeply than the black hole one. This effect is visible in Figure 3 . From 15kpc (bottom panel), to 5 kpc (top panel), the observable outburst timescale for short orbital period systems increases for both neutron star and black hole LMXBs, as the limiting luminosity becomes lower. However, the rate of increase for black holes is more significant. Therefore, as systems out to greater distances, like 15kpc and 10 kpc become undetectable, the black hole LMXBs become more observable than neutron star systems. The same shape can be seen in the disk + bulge result (solid red line), but here, another feature is present; a sharp decrease in the relative detection probabilities at an orbital period of ∼ 0.02 days. This is due to the black hole bulge population becoming undetectable.
While the results for the sharp switch case are the same as in Figure 5 , the smooth efficiency switch now alters the predicted black hole orbital period distribution more significantly. However, these results predict 6 (5) black hole systems below 0.17 days when f = 0.03 (0.05), so a smooth switch cannot explain the absence of observed short orbital period black hole LMXBs. While the sharp switch is still more successful at reproducing the observed distribution, it appears that at higher values of f (> 0.05) the smooth switch may have a similar effect.
Varying M2
In the previous plots, M2 has been fixed at 0.4 M . However, the actual dependence of M2 on the systems' other properties is uncertain, and it is likely that M2 increases with orbital period. For this reason, we repeat our models with secondary masses that adhere to the main-sequence, Roche Lobe filling relation, M2 = 0.1P orb (King 1988) , with the results plotted in Figure 8 . Here the relative detection probability curves have a different shape at high orbital periods, leading to minor differences in the predicted black hole population distributions in the lower panels. However, despite this difference, the actual effect of the efficiency switches does not change; a sharp switch, with predictions of 0 (0) observable black hole systems below 0.17 days when f = 0.03 (0.05) is still able to reproduce the divergence in black hole and neutron star systems, whereas a smooth switch, with corresponding predictions of 5 (4) does not.
The Discontinuity inṀ2
The discontinuity (at P orb ∼ 0.1 days) in the duty cycles plotted in the bottom panels of Figure 2 , is due to the switch in accretion mode from magnetic braking to gravitational radiation as described in (11), and also produces a feature in the relative detection probability plots. Since this is in the orbital period range we are interested in, we also checked that our results were not sensitive to this switch by redoing our models with (a) a constantṀ2 and (b) no gravitational radiation mode at short orbital periods. These changes alter P(≥ 1 outburst), which describes the shape of the relative detection probability plots. However, they have no effect on P obs which depends on the accretion efficiency switch. Therefore our results, and the effect of different types of accretion switch on the predicted black hole orbital period distributions, are unaltered
A non-constant Recurrence Time
Since observations do not show consistent recurrence times for single sources, we have tested the resilience of our results to allowing a range of recurrence times at each orbital period. In the extreme case, the time spent in quiescence after each outburst is independent of any previous event. In this case we can assume a Poisson distribution of outbursts so that:
where 1/τ = tsurvey/ trec. This affects the shape of the black hole to neutrons star detection ratio plots (upper panels of Figure 5 ), but not enough to change the results in the lower panels, so does not affect our conclusions.
DISCUSSION
Within the framework of the simple outburst model above, it is clear that the lack of known black hole LMXBs at short orbital periods can be explained by a transition to radiatively inefficient accretion, provided the switch to inefficient accretion is sharp. We assume a fixed primary mass as well as constant disc densities and viscosities. All of these are likely to vary between observed systems and would produce differences in the details of the orbital period distributions. A more robust treatment aimed at reproducing the observed period distributions would require detailed population synthesis calculations incorporating these factors. Some of the major causes of uncertainty are discussed below.
Choice of Parameters
The results above are sensitive to our choices of ρ, ν, and the black hole fcorr, which we investigate in Figures 9, 10 and 11. In Figure 9 we plot the same 6 panels as in Figure  2 (purple, fine dotted line line) and 5×10 −9 g cm −3 (light blue dot-dashed line). Both the peak luminosity relation and the orbital period at which the sharp switch (switch A) produces a cut-off in the distribution, are affected by changes in density. The smooth switch (case B) also varies. By requiring that the gradient and peak luminosity normalisation match observational expectations it is possible to rule out the higher density cases.
Similarly in Figure 10 , we plot the same systems, with f = 0.03, but this time we keep the density at its original value (1×10 −8 g cm −3 ) and allow ν to vary. We choose values of 1×10 14 cm 2 s −1 (dark blue dotted line), 5×10 14 cm 2 s −1 (purple fine dotted line) and 1×10 15 cm 2 s −1 . (light blue dot-dashed line). Varying ν has a similar effect to varying ρ for the peak luminosities. However, in addition, the timescales, which are inversely proportional to ν, are extended by decreasing ν.
In Figure 11 , ν and ρ are fixed at their original values, and we vary fcorr, the correction factor applied to the bolometric luminosity of the black hole systems, to estimate the X-ray luminosity. This depends on the inner disc temperature, which is likely to range from 0.5 to 1 keV. We plot values of 2.5 (dark blue dotted line), 4 (purple fine dotted line) and 8.5 (light blue dot-dashed line), which correspond to disk temperatures of 1, 0.7 and 0.5 keV respectively. Varying fcorr alters the luminosities of the sharp switch case, and all three panels corresponding to the smooth switch case, in a similar way to varying ν and ρ. Since the inefficiency switch luminosity (∼ 2 × 10 37 ergs s −1 ) is higher than the limiting luminosity at all values of fcorr shown, varying this parameter does not affect the timescale or duty cycle plots when a sharp efficiency switch is implemented.
It is clear that our choices of ρ and ν, which are inherently uncertain, significantly affect the feasibility of the sharp switch to inefficiency explaining a short orbital period black hole deficit. In addition, fcorr, which depends on the black hole temperature, is likely to affect the normalisation of our results. However, in all cases the smooth switch scenario only produces a "turn-off" the known peak luminosity-orbital period relation at higher orbital periods than observed.
Varying the switch steepness
We now investigate how sharp the switch needs to be, to produce the observed cut-off. In Figure 12 we vary the dependence of η onṀ such that:
A larger value of n more closely approximates the sharp switch scenario. Here we show the relative detection probabilities on the top panel for n = 1 (green dashed), n = 3 (dark blue dotted) and n = 5 (purple dotted) for f = 0.03 on the left panel and f = 0.05 on the right-hand panel. Indices of n ∼ > 3 appear to fit the black hole distribution as well as the sharp switch itself, provided f = 0.05, with a prediction of 1(0) observable black hole systems below 0.17 days for n = 3(5).
Observational Issues
The above discussion is based on detections possible with the RXTE ASM, which discovered several new black hole transients during its 15 year mission (e.g. XTE J1118+480, XTE J1650-500, XTE J1550−56). However, there have been, and still are, many other surveys capable of discovering BHB transients, each with different sensitivity levels, energy coverage, time resolution and sampling. Indeed, RXTE also routinely performed scans of the Galactic bulge region with the PCA detectors, capable of detecting fainter sources but reduced angular and temporal coverage compared to the ASM. These scans discovered the BH candidate XTE J1752−223 among others.
Presently, the Burst Alert Telescope (BAT) on the Swif t mission detects known and new transients in the 15-150 keV range, making it sensitive to the bright low/hard states of black hole X-ray binaries (BHB) during outburst in addition to its higher sensitivity in Crab units. This has been operating since 2004 and discovered several new systems including Swif t J1753.5+0127, a short period (3.24 hr) black hole candidate (Zurita et al. 2008) . Since 2009 the M AXI monitor has been scanning almost the entire sky in the 2-20 keV X-ray band every 96 minutes and has detected several new transients. Both Swif t and M AXI detected a new transient M AXI J1659+152, later identified as another short period BHB (2.4 hr; Kuulkers et al. 2013) .
These, together with other past and current missions, increase our sensitivity to BHBs compared to using the RXTE ASM alone, increasing the chance of detecting outbursts in Galactic BHBs except at very low peak luminosity and/or very long recurrence times (>10 years).
Comparison to the Ritter-Kolb Catalogue
We also note that in calculating the relative detection probabilities, we have neglected some of the bias that is likely to exist in the Ritter-Kolb catalogue. Systems with confirmed orbital periods must have had an optical follow-up after their initial X-ray detection. Such a follow-up may be unsuccessful if the X-ray flux is very uncertain, or if the optical/IR counterpart is too faint. Both of these factors are biased against short period systems. We justify neglecting these issues by arguing that they are likely to affect black hole and neutron star systems equally, so would not enter into the ratio calculations.
A Hidden Population of Short Orbital Period
Black Holes?
The fact that the values of f fall in the expected theoretical range provides good support for the premise that the transition to radiatively inefficient accretion underpins the lack of black hole LMXBs at short periods. Alternative arguments for the lack of black hole systems (based on system evolution, selection effects etc) would produce arbitrary values of f , and the fact that the cut off period for black hole LXMBs happens to agree with theoretical expectations for radiatively inefficient accretion would be purely coincidental. Despite this support for a sharp change in η, observations do not show a sudden change in bolometric luminosity at the efficiency switch boundary. In addition, observational evidence (see e.g. Zhang et al. 1997; Homan et al. 2005 ) suggests a smooth switch between efficient and inefficient flows. These factors suggest that, rather than being lost to the black hole, accretion power may be shifted out of the X-ray band, through a sharp change in fcorr. This may mean that systems become detectable in other wavelengths, making it harder for short orbital period black hole LMXBs to "hide" through inefficient accretion. We will consider the detection of hard X-ray dominated LMXB spectra in future work.
It is worth noting that black hole LMXBs with P orb ∼ 0.1 day would be expected to produce low luminosity (∼ few % L Edd ) and short (∼ 1 day) outbursts. These systems would have low detection probabilities and would be rare, but may be observable in locations where formation conditions were favourable. It may be possible that short period black hole LXMBs form some fraction of the low-luminosity, short-duration very fast X-ray transients observed in the Galactic Centre (e.g. Wijnands & van der Klis 2000; Maccarone & Patruno 2013) .
